The results of the monitoring of three VLF/LF signals collected in Petropavlovsk station (Kamchatka, Russia) and one VLF signal collected on board of the DEME-TER French satellite are presented. Two periods of the seismic activity occurred in the Japan-Kamchatka area during November-December 2004 and July-September 2005 were investigated and the earthquakes with M≥6.0 in the JapanKamchatka area, located inside one or more of the third Fresnel zones of the three radio paths were considered. The ground data were analysed using residual signal of phase dP or of amplitude dA, defined as the difference between the signal and the average of few quiet days (±5 days) immediately preceding or following the current day. Also the satellite data were processed by a method based on the difference between the real signal and the reference one, but in order to obtain this last signal it was necessary to construct previously a model of the signal distribution over the selected area. The method consists: (a) in averaging all the data available in the considered region over a period characterized by low level seismicity, regardless of the global disturbances, in particular, of the magnetic activity; (b) in computing a polynomial expression for the surface as a function of the longitude and the latitude. The model well describes the real data in condition of their completeness and in absence of magnetic storms or seismic forcing. In the quoted periods of seismic activity clear anomalies both in the ground and in satellite data were revealed. The influence of the geomagnetic activity cannot to be excluded, but the seismic forcing seems more probable.
Introduction
The effects of the seismic activity on the ionosphere, which occur over periods from several hours to several days either during the preparatory phase or during the post-seismic relaxation phase, can be investigated using the VLF (3-30 kHz)-LF (30-300 kHz) radio signals.
The main results were obtained for frequencies from 20 kHz to 50 kHz using receivers located on the ground. Using the TT (terminator time) method, that is related to the position of a minimum of the radio signal amplitude/phase during sunset and sunrise, anomalies from 3 days to 10 days before large (M>6.0) earthquakes and continuing few days after their occurrence were revealed (Hayakawa et al., 1996; Molchanov and Hayakawa, 1998; Yamauchi et al., 2005) . A different method of analysis is based on the study of the night time fluctuations in the radio signals phase and/or amplitude. Using this method, anomalies before earthquakes with M≥5.5 have been reported (Gufeld et al., 1992; Rozhnoi et al., 2004; Shvets et al., 2004) . Recently, results obtained in the high LF band (180-300 kHz) were also presented (Biagi and Hayakawa, 2002; Biagi et al., 2004) .
VLF-LF (low band) radio signals radiated by powerful transmitters located on the ground can be received not only by ground receivers but also on board of satellites. Recently, some possible seismic disturbances were presented by . Particularly, some precursory effect on the occasion of the big Sumatra earthquake (26 December 2004; M=9.0) were pointed out. Besides, the quoted study indicates that from the satellite data seismic effects can be revealed for earthquakes with M≥5.5 and a sensitive area ranging from 1000 km for M=5.5 to 5000 km for M=9.0 can be considered. All the quoted anomalies are related to disturbances in the upper atmosphere and lower ionosphere which are different from the variations caused by the global perturbations connected with the planetary waves, the solar activity and the magnetic storms (Liperovsky et al., 1992; Rozhnoi et al., 2006) .
In this paper the preliminary results of the analysis of the VLF/LF signals radiated by high power transmitters and collected both at a ground receiver and on board a satellite are presented.
Instrumental technique and data collection
The ground receiver is located in Petropavlovsk-Kamchatsky (Kamchatka, Russia), is indicated as PK and it is described in Rozhnoi et al. (2004) . The equipment measures, with a sampling rate of 20 s, the phase and the amplitude of the radio signals from the three transmitters labelled: JJY (40 kHz, Japan), NWC (19.8 kHz, Australia) and NPM (21.4 kHz, Hawaii islands). The location of the receiver and of the three transmitters is indicated in the Fig. 1 .
The satellite is the DEMETER micro-satellite built by the French CNES (Centre National d'Etudies Spatiales) that was launched on 29 June 2004 on a nearly circular ∼710 km altitude quasi-heliosynchronous orbit at 98 • inclination. Measurements of the electric and magnetic components of the electromagnetic waves are performed respectively by the ICE (Instrument Champ Electrique) equipment and by the IMSC (Instrument Magnetic Search Coil) equipment (Parrot et al., 2006) . These instruments provide the power spectra of one electric and one magnetic component averaged over 2 s in the ELF and VLF ranges between 20 Hz and 20 kHz with a frequency resolution of 19.5 Hz. In this study, only the electric field measurements were considered. It must be noted that due to the frequency upper limit of the satellite reception, only the NWC radio signal, among the ground collected ones, is comparable with the satellite data.
Then, it must be taken into account that, in the VLF frequency range up to 20 kHz, the NWC transmitter represents the most powerful and stable signal with respect to the other ones received on the satellite.
Data processing
At first, let us consider the ground measurements. At day time, the VLF/LF signals are strongly affected by sudden ionospheric disturbances; so, in our analysis only the night data have been considered. Moreover, the amplitude and the phase of such signals present seasonal and monthly variations. In order to reduce this effect, we used a residual signal of phase dP or amplitude dA, defined as the difference between the signal and the average of few quiet days (±5 days) a b immediately preceding or following the current day:
where A and P are the mean amplitude and the mean phase for the current day (night), while A and P are the averages of the mean values on the quiet days (nights). A day is considered quiet in absence of ionosphere or magnetosphere activity, of magnetic storms, of atmosphere cyclones and so on (Rozhnoi et al., 2004) .
As it concerns the satellite data, the first step was to obtain the intensity of the VLF transmitter signal. At this purpose it is necessary to correct the data collected from the parasitic effects that can superimpose on the signal, such as the instrument background noise and the natural emissions (mainly hiss or whistlers). Besides, it is necessary to take into account the influence of the scattering which is the major effect on some parts of the orbits. This data processing is detailed in and it provides the signal to noise a b Table 2 are represented by circles filled in red. The rectangle on the right represents the zone of analysis and the rectangle on the left (free from earthquakes) is the reference zone.
Fig. 7.
The two panels at the top represent the dP and dA trends for the PK-JJY (Japan) radio signal related to the period from 1 July to 15 September 2005. dP and dA represent the difference between the signal phase/amplitude and the relative average of few quiet days. The meaning of the other panels is the same of the panels in Fig. 5 . ratio, here named S. In analogy to the ground based data analysis, only the data for evening orbits were used. Then, the second step was to determine the anomalous variations of the signal as differences between the instantaneous value and some representative "reference level". It must be taken into account that the satellite measurements are obtained in a 2D space; so, it is necessary to determine a reference surface over the region of interest which provides the "reference level" of the VLF signal intensity as a function of the longitude and the latitude. In this study, a simplified approach to compute this surface was used. The method consists: (a) in averaging all the data available in the considered region over a period characterized by low level seismicity, regardless of the global disturbances, in particular, of the magnetic activity; (b) in computing a polynomial expression for the surface as a function of the longitude and the latitude. As it concerns the item (a), the length of the period was selected equal to 2 months in order to be not affected by the seasonal variations, providing 353 orbits with about 500 measurements on each orbit. As it concerns the item (b), the method of the local polynomial interpolation (Gandian, 1963 ) was used; this fitting procedure, which erases the large peaks and deep valleys observed in the data set, provides a longitude and latitude resolution of 0.32 • . In conclusion, choosing a 2 months period during January-March 2005, the result is shown in the Fig. 2 . The deviation of the real data from the model is rather small and inside the model dispersion in the normal days; different is the situation in the disturbed days. Two examples are shown in the Fig. 3 . The first one (Fig. 3a) is for the normal day 2 July 2005; the second example (Fig. 3b) is for the disturbed day 30 August 2005. In this last case, it must be noted the evident drop of the real signal amplitude. Using the reference surface, at any time and for any longitude and latitude in an active region, it is possible to define the anomalous variations of the VLF signal as the difference between the measured amplitude S (t, longitude, latitude) and the reference value S m (longitude, latitude). 
Results
In order to reveal a possible influence of the earthquakes on the radio signals, the periods November-December 2004 and July-September 2005, in which several large earthquakes occurred in the Japan-Kamchatka area, were considered. For the ground measurements, the third Fresnel zone related to a radio path is considered the most sensitive to the large seismicity Rozhnoi et al., 2004) . So, in this analysis we selected the earthquakes with M≥6.0 in the Japan-Kamchatka area, located inside one or more of the third Fresnel zones of the PK-JJY, PK-NWC and PK-NPM radio paths.
As it concerns the November-December 2004 period, these earthquakes are listed in Table 1 and the epicenters are indicated in the Fig. 4a , with the complete indication of the third Fresnel zone for the JJY transmitter and a part of the same zone for the NWC and NPM transmitters.
For the satellite measurements the NWC reception zone by the satellite is divided into 9 rectangles, 2 from them are shown in the Fig. 4b . The longitude width of each rectangle is determined in 25 • which corresponds to 1 orbit in a day above the selected area. The quoted earthquakes, indicated in the Fig. 4b with red points, are related to the right rectangle. For checking the satellite reception, the left rectangle is selected that is also inside the reception zone but it is not involved by seismic activity. In order to reduce both the dependence by the regular change of the signal distribution inside the reception zone and the spurious variations, the averaged difference dS=<S−S m > is calculated, where the averaging is produced over orbit in each rectangle. As it concerns the July-September 2005 period, the selected earthquakes are listed in Table 2 and the epicenters are indicated in the Fig. 6a , with the complete indication of the third Fresnel zone for the JJY transmitter and a part of the same zone for the NWC and the NPM transmitters. The positions of the same earthquakes for the satellite recordings are indicated by the red points in the Fig. 6b and are related to the right rectangle; the left rectangle, again, is for checking. Figure 7 shows the results of the ground and the satellite measurements in the period from 1 July to 15 September 2005. The dashed horizontal lines in the dP , dA and dS trends have the same meaning mentioned for the Fig. 5 and the drops of the data out of the 2σ levels are filled. Again the geomagnetic activity (D st index) and the occurrence of the earthquakes (Table 2 ) are represented at the bottom of the Fig. 7 .
Discussion
The filled drops of dA, dP and dS data, indicated in the Figs. 5 and 7, can be assumed as anomalies. Figure 5 , related to November-December 2004, shows that anomalies probably appear before all the four earthquakes of Table 1 in the JJY registration and before three of the four earthquakes in the satellite recordings. Note that such anomalies are absent for the satellite recordings in the control rectangle. Figure 7 , related to July-September 2005, shows that anomalies appear before all the three earthquakes of Table 2 in the satellite recording and in the ground data of the PK-JJP path.
In both the previous figures none anomaly appears in the NPM registrations; on the contrary some anomaly appears in the NWC ground registrations. Taking into account that the NWC frequency is the same of the satellite recording here examined, we note a good agreement in two cases of the Fig. 7 and none agreement in the Fig. 5 .
In principle, the previous anomalies could be related to the seismicity or to the geomagnetic activity. According to our opinion, the seismic forcing is more probable due to: (a) the absence of the effect in the NPM data for the ground observation; (b) the absence of significant perturbations in the control rectangle for the satellite recordings; (c) the appearance of the effect before earthquakes, when the geomagnetic activity was regular, as in the case of the large (M=7.2) 16 August 2005 earthquake.
The mechanism of the VLF signal interaction with seismorelated ionosphere turbulence is detailed in . It is suggested that resonant scattering of the VLF waves can be produced by perturbations on the ionosphere plasma density and it leads to significant drops of the signal amplitude.
Conclusions
It seems that the method of satellite monitoring by seismoinduced perturbations of the ionosphere using VLF signals is efficient as the ground monitoring of VLF subionospheric signals, in condition of a proper quality of the satellite data. This study is only a preliminary analysis; more data must be collected and further analyses must be performed. In any case, the preliminary results here presented encourage the intensification of the satellite monitoring.
